Abstract-To investigate the association between pulse wave velocity, intima-media thickness, carotid artery diameter, carotid plaques, and conversion from mild cognitive impairment to dementia. Three hundred and seventy-five elderly ambulatory subjects with mild cognitive impairment were followed yearly to examine potential conversion to dementia. Vascular function was assessed by carotid-femoral pulse wave velocity. Vascular structure was evaluated by intima-media thickness, carotid artery diameter, and carotid plaques using an ultrasonographic assessment of carotid arteries. One hundred and five patients (28%) converted to dementia during a mean follow-up period of 4.5 years. Higher pulse wave velocity was associated with greater risk of conversion to dementia (1-SD increase of pulse wave velocity: hazard ratio, P=0.44). Pulse wave velocity was associated with conversion to dementia, whereas intima-media thickness, carotid plaques, or carotid artery diameter were not after controlling for age and other confounding factors. Arterial stiffness could identify mild cognitive impairment patients at higher risk of dementia and may be a therapeutic target to delay or prevent the onset of dementia.
A pproximately 48 million people worldwide are living with dementia, and because of a rapidly global increase in population size and life expectancy, this number is predicted to nearly double every 20 years until 2050. 1 Prevention of dementia has, therefore, turned into a major public health challenge and identification of modifiable risk factors is critically important. Accumulating evidence suggests associations between traditional vascular risk factors, such as hypertension, diabetes, hypercholesterolemia, atherosclerosis, and cognitive disorders and dementia, including Alzheimer disease (AD). 2 These associations are complex and sometimes differ depending on when in life the risk factors are assessed. Vascular aging is accompanied by atherosclerosis or arteriosclerosis, noninvasively assessed by structural parameters (carotid intima-media thickness [IMT] , carotid artery diameter [CAD] or carotid plaques [CP] ) or functional parameter (carotid-femoral pulse wave velocity [PWV] considered to be the gold standard measurement of aortic stiffness 3 ). Most studies conducted to date show a positive correlation between PWV and cognitive impairment, [4] [5] [6] [7] but inconsistent results are found when predicting dementia. [8] [9] [10] Most findings are based on cross-sectional designs. The few longitudinal studies were mainly conducted in general population. 6, 7, 10 Controversy also remains for IMT that has been associated with poorer cognitive function and dementia in some studies [11] [12] [13] [14] but not in others. [15] [16] [17] Furthermore, it is not clear whether atherosclerosis, more precisely carotid stenosis and presence of plaques, affects cognition and dementia. [18] [19] [20] [21] [22] [23] Moreover, to our knowledge, no study investigated the association between PWV, IMT, CAD, or CP and conversion from mild cognitive impairment (MCI) to dementia, although identification of potential preventive strategies is crucial at early stages. Thus, the aim of our study was to assess November 2018 vascular function (PWV) and structure (IMT, CAD, CP) and their role in predicting conversion from MCI to dementia.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Population
The participants were part of a cohort of elderly ambulatory subjects with memory complaint attending a memory clinic between January 2006 and 2008. We selected 404 consecutive patients with a diagnosis of MCI according to Petersen criteria, 24 defined by a memory complaint reported by the patient or the family, a cognitive or functioning decline reported by the family compared with previous abilities, cognitive impairment (score <1.5 SD on neuropsychological tests), an absence of major repercussions on daily life, as well as an absence of dementia. This concept of MCI is useful in clinical practice to classify the in-between population (ie, individuals who are cognitively impaired but not demented) at risk of conversion to dementia over time. Patients with dementia, major depressive disorders, psychiatric deficits, and metabolic disorders were excluded. Among selected MCI patients, 375 subjects attended follow-up visits and were thus included in our study. All gave written informed consent for their participation in the study, which was approved by the local ethics committee. The procedures followed were in accordance with institutional guidelines. This study was conducted in compliance with the principles of the Declaration of Helsinki and followed the international standards pertaining to protection of human research subjects.
Assessment of Cognitive Function and Dementia
The global cognitive assessment of patients was based on the MiniMental State Examination (MMSE) 25 performed by the physician. A validated comprehensive battery of neuropsychological tests, the cognitive efficiency profile (scored out of 100, higher score, better cognitive function) 9, 26 was also performed by trained neuropsychologists. This battery assesses the main cognitive areas: immediate and delayed memory (free and cued recall), language, visuoperceptual and visuospatial capacities, motor planning, executive function, attention, and judgment. Patients were followed yearly up to 6 years in the memory clinic by a neurologist or a geriatrician to examine potential conversion from MCI to dementia according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders, fourth revision.
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Assessment of Vascular Function and Structure
Arterial stiffness was evaluated by carotid-femoral PWV measurement using an automatic device (Complior; Colson) by 1 physician blind to the cognitive evaluation. In brief, 2 pressure waves were recorded transcutaneously at the base of the neck for the right common carotid artery (CCA) and over the right femoral artery. PWV was determined as the foot-to-foot velocity. Pulse transit time was determined as the average of 10 consecutive beats. The distance traveled by the pulse wave was measured over the body surface as the distance between the 2 recording sites. Aortic PWV was automatically calculated as the ratio of distance to transit time (PWV=D/t[m/s]). The validation of this automatic method and its reproducibility has been described previously with an intraobserver and interobserver repeatability coefficient of 0.935 and 0.890, respectively. 28 Ultrasound examinations of the carotid arteries were performed with the patient in the recumbent position. We used a Sigma 110 Kontron device with a transducer frequency of 7.5 MHz. This system provides an axial resolution of 0.30 mm. Acquisition and storage of B-mode images were computer-assisted with the M'Ath Std 2.0.0.0 software. 29 All measurements were made by 1 sonographer at the time of examination. IMT was measured on the far wall of the middle segment of the CCA as the distance between the lumen-intima interface and the media-adventitia interface 30 by using an automated edge-detection algorithm. One longitudinal measurement of IMT was completed in the right and left CCA with segment length >10 mm and quality index >50% (quality index being the ratio of valid measurements to all the measurements possibly performed on the studied arterial segment). CCA lumen diameter (CAD) was measured on the same image. All measurements were made at a site free of plaque. Near and far walls of CCA were scanned longitudinally and transversally for plaques which were defined as localized echo structures encroaching into the vessel lumen, for which the distance between the media-adventitia interface and the internal side of the lesion was >1 mm, 31 or as the presence of calcifications. Mean of right and left measurements of IMT, CAD, and CP were used in our analyses.
Systolic blood pressures (SBP) and diastolic blood pressures were measured in each subject 3×, by nurses during the consultation, after at least 5 minutes of seated rest, on the left arm, using a validated electronic device (Omron 750 CP; Omron Healthcare, Co, Ltd, Kyoto, Japan). The average of the 3 measurements was used to determine blood pressure level. Mean arterial pressure (MAP) was calculated as follows: MAP=1/3 (SBP)+2/3 (diastolic blood pressure). Hypertension was defined as SBP ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg or current use of antihypertensive medication. Cardiovascular diseases were defined by presence of coronary artery disease, atrial fibrillation, chronic heart failure, or stroke.
Statistical Analysis
Distributions of continuous variables were presented in mean (SD). Proportions and numbers were used to describe qualitative variables. Baseline characteristics were analyzed in the whole sample and in patients converting or not from MCI to dementia using Student tests for continuous variables and χ 2 tests or Fisher exact tests for categorical variables. Cox proportional hazards models were performed to assess the role of PWV, IMT, CAD, or CP in prediction of conversion from MCI to dementia. Univariate analyses were done before proceeding to multivariate models. Significance threshold of 0.2 was considered to select potential confounding factors. Proportional hazard assumption was checked graphically for all covariates and using Schoenfeld residuals. Loglinearity hypothesis was also tested for all covariates. Age, sex, educational level, SBP, cardiovascular diseases, body mass index, calcium channel blocker intake, MMSE at baseline, as well as apoE ε4 status were considered as potential confounders. Hazard ratios (HR) and 95% CI were presented per 1-SD increase of PWV, IMT, and CAD or according to the presence of CP. Interaction PWV×age was checked. PWV was also divided into quartiles and KaplanMeier curves of the time until conversion from MCI to dementia were drawn. Sensitivity analyses were also performed considering patients who died as having all become demented. All statistical analyses were performed using STATA software version 15. Graph was performed using R statistical software.
Results
Baseline Characteristics of Patients and Arterial Parameters
Among the selected 404 MCI patients, 29 (7.2%) did not participate in the follow-up. Three hundred and seventy-five subjects (100% white; age range, 55-98; 65.6% female; 49.6% university level) were thus included in our study and followed-up during a mean period of 4.5 years (median, 5 years; interquartile range, 4-6 years). Two hundred and seventy-five participants (73%) were seen yearly until conversion or end of follow-up, and 100 participants (27%) were seen at least every 2 years until conversion or end of follow-up. Twentyfive patients (6.7%) died during the study, but information was known about conversion to dementia. Among the 375 patients, 105 (28%) converted from MCI to dementia. Baseline characteristics of the 2 groups are presented in Table 1 Results of univariate Cox analyses assessing the relationship between baseline characteristics of patients, baseline arterial parameters, and risk of conversion from MCI to dementia are respectively presented in Tables 1 and 2 .
Vascular Function (PWV) and Conversion From MCI to Dementia
Kaplan-Meier curves of the time until conversion from MCI to dementia by quartiles of PWV are presented in Figure. Conversion from MCI to dementia was significantly different between quartiles of PWV (P log-rank <0.001). Compared with the first quartile of PWV, patients in the third and fourth quartiles had a higher risk of progression from MCI to dementia (HR, 2.13; 95% CI, 1.13-4.02; P=0.02 and HR, 3.54; 95% CI, 1.93-6.48; P<0.01, respectively).
Multivariate analyses are presented in Table 3 . After adjustment for potential confounders (age, sex, educational level, 
Vascular Structure (IMT, CAD, CP) and Conversion From MCI to Dementia
As presented in Table 3 , after adjustment on potential confounders, neither IMT nor CP predicted conversion from 
Discussion
In this population of MCI patients, subjects with higher PWV had a greater risk of conversion to dementia. This relationship was independent of age, sex, educational level, SBP, cardiovascular diseases, body mass index, calcium channel blockers intake, MMSE at baseline, and apoE ε4 status. Arterial stiffness appeared to be an independent determinant of conversion from MCI to dementia. Conversely, IMT, CP, and CAD were not associated with progression to dementia. Our findings suggest the emergence of PWV as a unique vascular biomarker to identify MCI patients at higher risk of dementia.
To our knowledge, no study investigated the association between PWV and conversion from MCI to dementia. Crosssectional studies have suggested a relationship between arterial stiffness and dementia. A meta-analysis supported the hypothesis that greater arterial stiffness is a contributor to microvascular brain disease. 32 Recently, high cerebral artery pulsatility was found to be an independent predictor of dementia in individuals with subjective memory decline or MCI. 33 Several mechanisms may explain how functional changes of arterial system could be involved in the onset of dementia. 9 PWV reflects arterial stiffness which is one of the earliest indicators of changes in vascular function. Arterial stiffness may contribute to microvascular brain injury by exposing small vessels of cerebral vasculature to high-pressure fluctuations and flow pulsatility. 34 An increasing epidemiological, clinical, and experimental evidence suggested a significant role of systemic hemodynamic pulsatility on alteration of structure and function of the brain. 35 The increased pulsatile load may induce a microvascular remodeling response leading to hypoperfusion. 36 Arterial stiffness has been related to atherosclerosis or arteriosclerosis in large 37 and small vessels 38 and associated with small infarcts (lacunar stroke) and white matter lesions. Dementia may be the direct consequence of these ischemic brain lesions, depending on the volume, location, and number of these vascular lesions. In the Rotterdam study, PWV was an independent predictor of stroke in apparently healthy subjects. 39 In the Framingham Third Generation cohort study, 40 higher PWV was associated with greater burden of white matter hyperintensities. Moreover, a significant association between PWV and medial temporal lobe atrophy suggests a role of arterial stiffness in the pathogenesis of AD. 41 Medial temporal lobe is particularly known for its sensitivity to ischemia. Vessel remodeling and hypoperfusion after arterial stiffness might affect the volume of this structure. 42 Recently, lower cerebral blood flow, measured with magnetic resonance imaging), was found to be associated with accelerated cognitive decline and increased risk of dementia. 43 Further studies focusing on testing the impact of carotid blood flow on dementia risk would be of interest. Lesions in cerebral microvessels may compromise the function of blood-brain barrier increasing vascular permeability and protein extravasation in cerebral parenchyma. Accumulation of different vasculotoxic and neurotoxic byproducts, as β-amyloid peptide, would result in neuronal dysfunction and neurodegenerative changes. 44 Moreover, changes in pulsatile flow dynamics following from aortic stiffening may alter the movement of cerebrospinal fluid along perivascular spaces, disrupting the clearance of metabolic waste from the brain. 45 Interestingly, arterial stiffness was found to be associated with an increased risk of having β-amyloid deposition on positron emission tomography-imaging, independently of blood pressure level in nondemented older adults. 46 Recently, in the ARIC-PET study (Atherosclerosis Risk in Communities-Positron Emission Tomography), 47 greater PWV was significantly associated with having lower brain volumes in AD susceptible regions, high white matter hyperintensities burden, as well as concomitant high white matter hyperintensities and Aβ positive scans. These associations were strongest among individuals with MCI. A recent experimental work also reported that pulsatile stretch of brain vascular endothelial cells, strongly associated with higher values of PWV, could lead to upregulation of APP (amyloid precursor protein) expression and amyloidogenic processing enzyme, β-secretase 1, and Aβ42 secretion. 48 Vascular stiffness, particularly higher PWV, is also related to endothelial dysfunction where nitric oxide (NO)-mediated endotheliumdependent vasodilatation, facilitated by the eNOS (endothelial NO synthase), is diminished. Deficiency of eNOS was found to be associated with higher APP protein expression and secretion of Aβ. 48, 49 Finally, in the present investigation, PWV was able to better qualify the risk of conversion with respect to SBP. It could be suggested that long-standing hypertension from midlife is accompanied by an arterial aging process, whereby arterial stiffness becomes more prominent compared with high blood pressure. However, our study was not designed to address this contrast and measurement of blood pressure was limited to 3 readings on a single occasion.
The association between IMT and cognitive disorders yields conflicting results. Some studies reported significant associations, 12-14 whereas others did not. [15] [16] [17] Buratti et al 50 reported a correlation between increased values of IMT and progression from MCI to dementia. Wendell et al 11 only found an association between dementia and the upper quintile of IMT but not when IMT was considered as a continuous variable. We did not find a significant association between IMT and conversion from MCI to dementia after adjustment for age and other confounding factors, possibly because IMT also represents nonatherosclerotic age-associated changes in the vessel wall. 11 Our findings are consistent with a previous study that also found a lack of predictive value of CP on the risk of conversion from MCI to dementia. 51 The hypothesis of a competing risk of mortality could be suggested to explain these negative findings. Furthermore, CP are strongly associated with lipids, smoking, and other traditional risk factors 52 more than with age or blood pressure. They are also more closely related to coronary artery diseases than stroke. Thus, they may not be causally involved in progression to dementia.
Our study has some limitations that are worth noting. First, our findings are based on an observational study, and residual confounding may still exist. Second, we assessed conversion from MCI to dementia but were not able to distinguish AD from vascular dementia. Neither magnetic resonance imaging nor cerebrospinal fluid biomarkers for AD were available in our study. However, all patients underwent a computed tomography brain scan allowing to rule out a diagnosis of pure vascular dementia. Third, our sample was comprised mostly of highly educated whites, limiting the generalizability of the results. Fourth, PWV, as well as IMT, CP, and CAD were only measured at baseline. Fifth, the study was conducted among older adults with a long-term follow-up, so attrition was unavoidable. However, only 7.2% of subjects did not participate in the follow-up. Their baseline characteristics did not significantly differ from those of patients remaining in the study. They only tended to be slightly older. Moreover, our sensitivity analyses considering patients who died as having all become demented revealed no impact on our findings. Finally, we did not have any qualitative and quantitative data on CP, although their respective association with dementia remains to be investigated.
Nevertheless, our study has several strengths. It was conducted on a relatively large sample size, with a longitudinal design and a long-term follow-up, in a specific population of MCI patients at risk of conversion to dementia. The rate of progression from MCI to dementia we found was consistent with previous findings. 53 An extensive vascular investigation was done, including both structural and functional assessment. All measures were done using standardized protocols with a validated and widely-used device. The association between PWV and conversion from MCI to dementia was observed after adjustment for age, sex, education level, SBP, cardiovascular diseases, body mass index, calcium channel blocker intake, baseline cognitive function, and apoE ε4 status suggesting that the relationship is independent of these variables. Finally, assessment of dementia was performed in a memory clinic by trained neurologists or geriatricians.
Perspectives
In the present study, arterial stiffness, measured as PWV, was associated with conversion from MCI to dementia. However, neither IMT, CP nor CAD was found to be associated with progression from MCI to dementia after controlling for age and other confounding factors. Overall, our findings suggested that arterial stiffness could identify MCI patients at higher risk of dementia and may be a therapeutic target to delay or prevent the onset of dementia.
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